Abstract
Introduction
The global ductility of dissipative steel framed structures is a key issue in seismic design. The global behaviour highly depends on the local ductility of structural members and joints under cyclic loading, what can be studied mainly by experiments. Due to the improvement of computational techniques and hardware background the experiments can be performed by cyclic simulations. In the computational analyses the cyclic plasticity behavior of the steel material has significant role on the local ductility of structural members and joints. Despite significant research completed on the cyclic steel material models in the last decades, the behaviour of yielding plateau under cyclic loading is hard to describe. The developed complex cyclic plasticity mild steel models are still only partially adapted in finite element programs. The main purpose of the current research is to develop an efficient material model taking into account the main characteristics of cyclic behaviour of the steel material, and implement it in a finite element program. In the research a model, on the bases of combination of nonlinear kinematic and multi-linear isotropic hardening and dynamic parameter evaluation is developed, in ANSYS finite element environment [1] . The proposed technique, however, is applicable in most large finite element software environments, where nonlinear kinematic hardening and the combination of different material models are supported. The results show that the accuracy of the cyclic simulation can be improved by the proposed model.
Physical features of cyclic steel material behaviour 2.1 General
The initial behaviour of structural steel is considered as linearly elastic and isotropic. When the material point turns into plastic state, it can be described by the von Mises criterion and normality yield law. The basic requirement is that the plastic deformation and gradient of the plastic potential function point in the same direction. For metals this requirement means that the potential function is equivalent to the yield criterion. Experiences show that metals are able to resist additional loads after the elastic limit is reached. This means in mathematical description, that the ellipsoid of principal stress state is changed during the loading. If the loading is cyclic or arbitrary, the metals show combined hardening, the yield surface dominantly moves with some expansion.
The primary reason behind the observed difference between monotonic and cyclic behaviour is the crystallite structure of the metals. Dislocations and other crystal defects are able to modify the behaviour of ideal metals. The velocity of these defects is in the order of 100 ms −1 , and it causes irregular elastic, and plastic behaviour. Despite the origin of the behaviour is essential, this paper focuses only on the visible effects, not dealing with crystallite translations. The most important physical effects are the elastic after-effect, the Bauschinger effect, the memory of loading history, the ratcheting effect and the effect of strain rate [2, 3] , which are discussed in the following sections.
Bauschinger effect and the disappearance of the yielding plateau
When the steel material subjected to tension beyond its yield strength experiences unloading and then loading continues in the opposite direction, the yield strength under compression is reduced, while increased for tension. The phenomenon is related to the crystal sizes and defects of convenctional structural metals. The Bauschinger effect is produced by two phenomena, as follows:.
1 The stress in the opposite direction may appear at the intersections of crystals which helps the creation of opposite direction crystal defects. Plastic deformations grow from the defects, so slips appear at lower stress levels in the opposite direction, thus the yielding point is reduced.
2 Residual deformations are not caused in all crystallites if the plastic strain is small; the crystallites, which are deformed by the first loading, are oriented to the direction of the stress state. These slipped crystals are directed back into their original position by the non-slipped crystals when the load direction is reversed. These internal forces are added to the stress from the external load, therefore crystal deformations appear at a lower external load level in the opposite direction, resulting in a lower yielding point. Under reloading in the original direction, crystal translations are experienced only at stress levels higher than those from initial loading [4] .
The extent of the Bauschinger effect is significant and depends on the material. The initial yield stress range is reduced to approximately 50-70% for structural steel (depending on strength class), which is much higher than for other structural metals e.g. aluminium or stainless steel. The saturation of Bauschinger effect (i.e. the decrease of the yield surface) depends on the maximum plastic strain. The reduction tends to an asymptotic value and it hardly decreases after the maximum plastic strain reaches approximately 1%, depending on the fabric and chemical composition. Monotonic mild steel material behaviour differs from cyclic behaviour, as observed by several experiments [5, 6] . As crystal slipping increases, the Bauschinger effect saturates and the yielding plateau gradually disappears.
Hardening-softening and non-fading memory
If the strain range (the difference between maximal and minimal strain levels in a uni-directional load path) under cyclic loading is larger than approximately 0.4%, the maximum stress response is greater than produced by virgin monotonic loading and the normalized size of the yield surface is slightly changed at larger strain levels. Before the Bauschinger effect saturates, the size of the yield surface depends only on the maximum values of plastic strain. After saturation of the Bauschinger effect, the elastic range of total stress, however, depends only on the actual strain level. The dependence of steel behaviour on the maximal plastic strain level at small plastic strain ranges implies that the material is of the non-fading memory type.
When the amplitude of cyclic loading is reduced from a large strain range to a smaller one, the initial peak stress of the smaller strain range will be higher than it would be without previously introducing a large amplitude loading. Furthermore, if the loading is continued at the same strain level, the peak stress gradually decreases as if loading at the larger strain level has never happened.
On the other hand, after stabilization of cyclic hardening at a lower strain level, further significant cyclic hardening is still possible when applying a larger deformation. This behaviour cannot be modeled by pure isotropic hardening law with constant hardening rate. For such materials the stress-strain relationship does not depend only on the accumulated plastic strain, but the previous load history is also important [7] .
Strain rate effect
The elastic deformation rate is not influenced only by load levels, but also by the rate of loading. In case of poly crystallite metals, if the load is increased slowly, a greater deformation is created at the same stress level compared to rapid loading. Thus rapid loading increases the Young's modulus of the material.
The strain rate has a significant effect on the yielding point under monotonic loading. This effect is less prominent under cyclic loading, because the material is strained in the strain hardening range, therefore in the current research the strain rate effect is not considered.
3 Chaboche model for cyclic plasticity 3.1 Cyclic plasticity models Several material models have been developed in the last few decades since the first anisotropic hardening model was published by Mroz [8] in 1967. In the 1970's the bounding surface model was published by Popov and Krieg that can follow the whole cyclic process, with the modification of the hardening modulus [9] . Based on the above research two model families were developed:
1 Multi-surface models (Popov -Petersson type models [10] ):
the combined hardening phenomenon is controlled between two extreme stages of material behaviour: virgin (or initial) stage and saturated (or fully-developed) stage.
2 Two-surface models (Dafalias -Popov type models [11] ): in these models the actual and limit surfaces are defined and the movement of the actual surface is controlled by a hardening function.
The Chaboche model type is a two surface model for describing cyclic metal material behaviour [12] . This model is widely used in engineering calculations and included in several finite element software, such as ANSYS. Motivated by his work, many researchers proposed improved Chaboche models for cyclic metal simulations. Different Chaboche-based material models are collected in this section.
Frederick-Armstrong model
The basis of the Chaboche model is the Frederick-Armstrong model [13] . The hardening equation in this model is described by strain hardening variables. The principle of nonlinear kinematic hardening model is that the loading surface, the limit surface and the current stress state depend on the plastic strain introducing a recall term, called dynamic recovery. The von Mises criterion and a linear function f y of the stress invariant I 2 is used in case of metals.
The model is described by Prager's equations and the yield criterion can be expressed in the following form:
where σ is the stress vector, k is the yielding point, and X is the hardening variable. The increment of the hardening parameter is the function of the accumulated plastic strain:
where dX the increment of kinematic hardening tensor, and it is expressed by two parameters, the initial hardening modulus (C) and the nonlinear recovery parameter (γ) which introduces a fading memory effect of the strain path [14] . The hardening modulus can be expressed as:
The application of the Frederick-Armstrong model is difficult because the parameter calibration requires a complex procedure. There are three ways to calibrate a Frederick-Armstrong model: (i) with monotonic stress-strain curve, (ii) one stabilized hysteresis loop, and (iii) stabilized hysteresis loops of different strain amplitudes. The latter leads to the most accurate procedure, as shown in [14, 15] . The model is more accurate than a simple bilinear model and in case of some metals (e.g. titanium alloy, NIMONIC 90 alloy [14] ) it is sufficiently accurate. However its disadvantage is that it only shows fading memory effects, but cannot describe the cyclic hardening at the same strain level and the decrease of the yielding plateau experienced in structural steel.
Superposition of several kinematic and isotropic models
A single nonlinear kinematic hardening model cannot describe the cyclic behaviour of structural steel appropriately. The combination of isotropic and kinematic hardening models is necessary to increase the model accuracy. The characteristics of a Frederick-Armstrong model are determined by the C and γ values; different value pairs result in different characteristics. Chaboche and Rousselier [16] observed that, the hardening behaviour of the steel material can be better approximated by the sum of different Frederick-Armstrong formulas. They developed the Chaboche model in which several formulas detailed in Eq. (2) are added. The combined criterion is expressed in Eq. (1), where the translation vector of hardening can be expressed as:
The superposition of isotropic hardening on nonlinear kinematic hardening results in a modification of the yield surface by both uniform expansion and translation. Isotropic hardening is controlled by the accumulated plastic strain (p) and the associated thermodynamic force (R) which represents the change in the size of the elastic domain. Eq.
(1) can be written in this case is as follows:
The value of R can be positive (cyclic hardening) or negative (cyclic softening), but the result of isotropic and kinematic effect must be hardening during the whole load path. The isotropic part of the hardening can be linear, multi-linear or nonlinear. If the hardening is nonlinear, it is advantageous to express isotropic and kinematic hardening in the same form:
where Q is the asymptotic value in the stabilized hysteresis loops, and b determines the velocity of stabilizing. This model describes the behaviour of cyclic loaded metals more accurately, the isotropic part of the hardening shows non-fading memory effect, but cannot model the yielding plateau and the decrease of initial yielding surface. Therefore it shows significant inaccuracy in case of mild steel, especially in the range of small plastic strains.
Modifications of Chaboche model
The Chaboche model has some general inaccuracy. Overestimates the ratchetting effect, cannot describe the yielding plateau, and cannot describe properly the hardening memory effect. Therefore several modified nonlinear kinematic hardening models have been developed to improve the accuracy. The cyclic hardening phenomenon at the same strain amplitude is relatively slow; it typically takes between ten and one thousand cycles for the loops to stabilize. Therefore, the value of b in Eq. (6) will be in between 50 and 0.5. It is possible to couple isotropic and kinematic hardening by the function ϕ(p) defined in Eq. (7) [17, 18] . A possible choice of ϕ(p) as a function of R is also shown, where ω is material constant:
By this modification the modulus of kinematic hardening becomes the function of isotropic hardening, which results in a more accurate stress-strain relationship, but the decrease of the yielding surface and plateau is still not described.
Another important modification is the hardening memory. Simple nonlinear models describe the hardening with fading memory type. The elimination of the effect of the previous load history can cause inaccuracy in the cyclic stress-strain relationship. Chaboche [19] introduced an additional state variable to account for this problem. Observation of cycles under sequential loading shows that this memory effect can be stored with the maximum plastic strain range (q), so the asymptotic values Q in the isotropic variable R in Eq. (6) are no longer constants, they depend on the maximum strain amplitude. A relationship to consider this effect is shown in Eq. (8):
where Q M , Q 0 and µ are three constants. By this modification only the isotropic part of the hardening can show non-fading memory type, which is highly efficient for metals without yielding plateau; such as stainless steel.
Hardening recovery in the function of time generally occurs at high temperature. Chaboche [14, 19] used a power function in the recall term acting as a function of time to take this phenomenon into consideration:
where m i , τ i , M i depend on material type and temperature. Since the change in temperature is negligible during the seismic effect, this modification does not affect the practical accuracy.
Summary of Chaboche models
In this chapter material models based on the Chaboche equations are presented. These models can follow several important characteristics of the cyclic behaviour of steel materials. The models, however, cannot consider the change in the yielding surface and plateau.
To increasing model complexity in general is disadvantageous from the practical applicability point of view, therefore it is important to consider only those physical phenomena that influence global response significantly. The purpose of the current research is to develop a material model which is able to describe all the relevant phenomena, on the basis of the Chaboche model, what can be adopted in numerical applications. The following physical phenomena are found to be significant during model development (in the order of importance): kinematic hardening, Bauschinger effect, decrease of the yielding surface, disappearance of the yielding plateau, plastic creep, and strain memory.
Modelling cyclic steel behaviour in ANSYS finite element program
The previously described material models are only partially adopted in finite element programs. The modelling of cyclic steel behaviour in ANSYS software can be done by the models as follows: (i) bilinear model, (ii) multi-linear model, (iii) basic Chaboche model, (iv) NLISO model, (v) MISO model, (vi) PRESCOM model. The models (iv-vi) are developed by the authors. In this chapter these models are introduced and the obtained numerical results are compared for each model by experimental stress-strain plots on the basis of the studies of Meng et al. [5] . Two series of experiments with a total of 50 tests on Q235B and Q345B steel specimens were studied by the authors using several different load protocols. The experimental monotonic and hysteresis behaviour, ductility characteristics and cumulative damage degradation are discussed in the paper in detail. In this paper the calibrations of the different material models were performed using the Q345B experimental results. The most important mechanical properties of the material are shown in Fig. 1 Tab. 1. Mechanical properties of Q34B )   205000  423  589  24  182 198 207 4.1 Modelling cyclic steel behaviour by bilinear model As previously discussed, the isotropic hardening can be used to model the steel material behaviour only under monotonic loading and the bilinear kinematic hardening is the simplest way to model cyclic behaviour. The model is described by Prager's equations and the yield criterion is the same as in the FrederickArmstrong model in Eq. (1). This model is a bilinear kinematic hardening model, in which the kinematic hardening variable (X) is collinear with the plastic strain Eq. (10).
The used yielding law is the von Mises yield criterion. It is independent from the strain rate and temperature. The hardening rate is constant, and it is calibrated by the experimental results using the method of least squares ( Table 2) . Fig. 2 compares the numerical and experimental results. The model takes the Bauschinger effect into account in the simplest possible way. It cannot show the decrease of the yielding surface and does not represent any kind of memory properties. It is inaccurate in case of cycling loading: the hysteresis loops are angled, the value of stress and amount of dissipated energy is less than the actual value; except for small strain levels, where less cyclic hardening is experienced. In spite of the significant inaccuracies in this model, it is widely used in analysis due to its simplicity.
Tab. 2. Material constants of bilinear model
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Modelling cyclic steel behaviour by multi-linear model
This material model is a Besseling model [20] and also known as sub-layer or overlay model [21] . It is similar to the piecewise linear kinematic hardening rule and the Mroz [8] model without any notion of surfaces. The theory is based upon the material which is macroscopically homogeneous, but inhomogeneous on microscopic scale. In this material the plastic deformation will occur at certain points and will spread in subsequent loading over the whole volume. This phenomenon is composed of various portions (or sub-volumes), all is given to the same total strain, but each portion has different yielding strength. Although the behaviour of sub-volumes show isotropic hardening the different elastic limit of portions cause the hardening of volume to be anisotropic. This model is defined by several points of the uniaxial stressstrain relationship (ε k , σ k ), when sufficient segments are defined, angularity of the model is reduced (Fig. 3, Table 3 ). The yield stress for each sub-volumes is given by Eq. (11):
The relation between the stress and strain can be expressed as follows:
where ψ k is the weight factor of sub-volumes and µ k is defined as constant. In ANSYS µ k = 0, therefore each subvolumes are perfectly plastic and after the last point is defined, no further hardening is considered. This model approximates the experimental result better, but the difference between the numerical and experimental curves is still significant. The calculated hysteresis loops are still angled and they show less energy dissipation and lower stress levels than the test results.
Modelling
The Chaboche material model can combine several FrederickAmstrong formula. In the simple case, only one FrederickAmstrong formula is used, therefore in this model the hardening behaviour is the same as given in Eq. (2). Parameters of the basic Chaboche model can be determined more accurately, using several stabilized hysteresis loops ( Table 4 ). The details of calibration are presented in [19, 22] and illustrated in Fig. 4 [22] . The hardening variable (X) is expressed in Eq. (4), and the yielding law is given in Eq. (5) where the R variable is specified by the following form:
R o , R ∞ , b characterize the isotropic hardening behaviour of materials detailed in Table 5 . R o + R ∞ are the initial isotropic hardening modulus, R o is the asymptotic hardening and b controls the decrease of hardening in the function of equivalent plastic strain. This model describes the stress-strain curves more accurately: its loops are less angled, isotropic hardening is taken into consideration and description of the ratcheting effect is satisfactory, as shown in Fig. 5 . The used Frederic-Armstrong formulas are in Eq. (2), the used material constants are in Table 5 . The decreasing of the yielding surface is taken into consideration by lower constant yielding stress ( f y,num ), instead of its saturation tendency (Table 5) . By this modification the model describes the cyclic behaviour at large plastic strain levels appropriately. Under monotonic loading and at small plastic strain levels, however, to follow the mild steel behaviour is completely different. Since its parameters are calibrated by saturated steel behaviour, the model shows some inaccuracy: if the loading level is smaller than the plastic strain corresponds to saturation of Bauschinger effect (0.5-1%) the model shows lower stressstrain values than it is created. 
Modelling cyclic steel behaviour by the MISO model
The MISO model (Chaboche model combined with Multilinear ISOtrope hardening) is developed to describe the difference between monotonic and cyclic steel behaviour into consideration better. Monotonic and cyclic behaviour are difficult to follow by the same equations and material constants, therefore a separate set of monotonic and cyclic parameters should be created. Each parameter set consist a Chaboche model with five Frederick-Armstrong formulas, and a multi-linear isotropic hardening, as shown in Table 6 . The difference between the two parameter sets is the isotropic part of the hardening, but the Chaboche model is the same. The yielding plateau of monotonic steel is described by a special superposition of hardening models: combination of kinematic hardening with multi-linear isotropic softening results in constant stress, the decrease of yielding surface in the plateau region and hardening after the plateau. This approach gives accurate results for monotonic loading.
In this case the Eq. (1) is modified in the following form:
where σ k can be determined directly from the equivalent plastic strain. Fig. 6 shows the isotropic hardening behaviour, the kinematic hardening behaviour and the sum of them. The decrease of σ k follows the decrease of the yielding surface at the plateau zone. In the numerical model the f y,num yielding stress is defined for Chaboche and isotropic model. The real yielding stress is calculated as the sum of isotropic and kinematic hardening.
The monotonic parameter set is used at the beginning of the loading. At the first occurrence of unloading if the yielding point is reached, the cyclic parameter set is applied (Table 6 ). By this configuration the MISO model can describe the difference between monotonic and cyclic behavior, as shown in Fig. 7 .
If the strain range is larger than approximately 0.4%, the cyclic (or monotonic of saturated steel) stress response is greater than the response of virgin monotonic loading. If the loading do not reach this strain level, the stress-strain response of steel is bigger than the cyclic steel behaviour. In the MISO model there are two considered state variables, which control the switch of parameter set: (i) equivalent plastic strain, (ii) equivalent stress. If the yielding stress is used as state variable and the first unloading occurs at a small plastic strain level (the maximum deformation is less than 0.4%), the cyclic parameter set of the MISO model produces lower stresses than the experiments. Furthermore, the dislocation of the yield surface is different in the two configurations, which leads to discontinuity in the stress-strain curve, as it can be seen in Fig. 8/a. If the switching to the cyclic parameter set is controlled by the maximal equivalent strain level instead of the yield stress, the experienced discontinuity of the stress-strain curve can be avoided but the combination of isotropic softening and kinematic hardening leads to the cyclic decrease of the yield surface. Therefore, the model is still inaccurate in the zone of small plastic strains (Fig. 8/b) . This model approximates the experimental result in general accurately, but if the plastic strain range is small, parameters of the MISO model (either monotonic or cyclic) cannot follow the yield surface and the transition from exclusively monotonic to cyclic behaviour. This is why the saturation of the Bauschinger effect and the decrease of the yielding plateau require transitional states. The parameter refreshing method is developed to extend the accuracy of the MISO model to the small plastic strain range, too. 
Chaboche model with dynamically updated parameters

Strategy of development
The presented MISO model is able to describe steel behaviour under monotonic, and large amplitude cyclic loading, although the cyclic and monotonic parameter set with constant parameters cannot follow the change in material behaviour. Therefore, a third parameter set is defined to describe the transitional state, from monotonic to cyclic behaviour. In this state a function is used to calculate model parameters during the loading. Two variables are examined considering experimental results: (i) the maximum value of equivalent plastic strain (ε pl,MAX ), and (ii) the maximum value of strain range (q). Although saturation of the Bauschinger effect and the decrease of the yield surface depend on the maximum plastic strain, the stress-strain relationship at the small strain range is also influenced by the previously experienced maximum strain range, as shown in Fig. 9 . The optimal approximation is obtained when the maximum of ε pl,MAX and q is used as state variable in the model:
where ε RPL is called the relevant plastic strain. The change of the material behaviour can appear after each load steps. In this case a load step means the difference in the loading history between two points, where the inner point of yielding surface is reached. This phenomenon is described by the stress ratio, shown in Eq. (16) . When N σ is less than one the stress state is elastic, else yielding occurs. σ k depends on the yielding condition and σ e is the equivalent stress evaluated using the deviatoric stress tensor.
Calculation of the dynamic model parameters
The algorithm of the dynamic model parameter calculation can be seen in Fig. 10 . At the beginning of the loading the monotonic parameter set is used for every steel element in the dissipative zones of the structure. After a load step the maximum value of equivalent plastic strain is evaluated, and the material model constants are updated by the following way: if the value of the plastic strain is zero, the parameter set is kept monotonic, if it is greater than a pre-defined limit (ε EQW2 ), the cyclic parameter set is loaded and if it is in between 0 and ε EQW2 , the behaviour can be characterized by the transitional parameters, using the function of relevant plastic strain given in Section 5.1. The maximal equivalent plastic strain and the maximum strain range are evaluated after each load step. If the new relevant strain is greater than the previous one, the parameter set of the model is updated using the above procedure. If the relevant strain does not change, the parameters remain the same. This procedure builds the hardening memory effect at the critical range of small plastic strains into the material model using the relevant plastic strain to describe the change in the material behaviour. The most accurate solution is given if this procedure is performed on the integration point level of the numerical discretization. Note that in the ANSYS environment the evaluation and the material setting of the presented PRESCOM model are completed on element level instead of integration point level.
The PRESCOM model uses yield stress ( f y,num ), which refers to the decreased yield surface, similarly to the MISO model. The yield surface gradually decreases after each consecutive load cycle depending on the maximal strain level reached during the given cycle. In spite of this yield surface reduction, the stress at the maximal strain level cannot decrease during cyclic loading. Therefore, the hardening rate of the model has to be increased in parallel with the shrinkage of the yield surface, as shown in Fig. 11 . At the transitional range the model parameters are updated to reach the appropriate stress level when the strain amplitudes reach the maximum.
The material model consists of Chaboche models with five different formulas, as detailed in Table 7 . The PRESCOM model's initial hardening behaviour primarily depends on the Frederick-Armstrong formula with large C and γ parameters. The maximum shifting of loading surface is given by C/γ [14] . The shifting value is fixed in Fig. 12 . Applying large C and γ value results in significant initial hardening, but the whole hardening saturates already at a small plastic strain level (ε s in Fig. 12 ). While Eq. (2) produces larger shifting of yielding surface than the initial hardening modulus, the initial hardening modulus is used. The combined isotropic hardening is relatively small and the Frederick-Armstrong formulas with small C values has relatively small effect at this strain rate (Model 4 in Fig. 12 ). The first Frederic-Armstrong formula of PRESCOM model governs the small plastic strain behaviour, the second and third govern both small and large plastic stress-strain relation- ship, while the effect of the fourth and the fifth formulas have relatively small effect in small plastic strain range; these have effects only on the behaviour at larger strain level.
The translation of the yield surface can be expressed as a function of the accumulated plastic strain at each FrederickArmstrong formula:
where C i , γ i are material model constants, ∆ε pl is the accumulated plastic strain increment. The β in Eq. (17) controls the saturation rate of the hardening; if β reaches 2.5, the hardening is saturated by 99%.
In the transitional range of plastic strain the first three Frederick-Armstrong formulas are dominant; updating parameters of the other formulas are negligible, as shown Model 4 in Fig. 12 . The main goal of the dynamic parameter calculation in the PRESCOM model is the accurate description of the transitional steel behaviour. In this state as the relevant plastic strain increases, the yielding surface decreases, and in parallel the hardening increases, as it seen in Fig. 11 (as the strain amplitude increase (ε s3 > ε s2 ) the yielding surface decrease, while the kinematic hardening increase (∆σ 3 < ∆σ 2 )).
In the transitional state it is important to reach the yielding stress at the previously experienced maximum strain level regardless the decrease of yielding surface. This hardening (between the virgin and the saturated behaviour) is reproduced by the first Frederick-Armstrong formula. Although the yield stress is constant ( f y,num ) in the transitional parameter set, yielding seems to occur at a higher stress level than f y,num if large initial hardening parameter is used (Model 1 in Fig. 12 , or ε REL =0.5‰; ε REL =1‰in Fig. 13/a) . The decrease of initial hardening modulus leads to the decrease of this virtual yield surface.
The parameters of the first formula can be updated as:
where ε RPL is the relevant von Mises strain, and σ ∆ takes the cyclic degradation of the yield stress into account. Using appropriate β value in Eq. (18), the γ 1 value ensures the follows: the hardening from the decreased yielding surface ( f y,num ) to the stress level of the plateau ( f y,real ) occurs at the appropriate strain value. Therefore the first formula always produces the same shifting of loading surface, the hardening, however, saturates by the relevant plastic strain. The smaller the maximal strain amplitude of the previous loading, the larger the parameters of the first model will be, ensuring that yielding plateau is reached at the relevant strain amplitude. The second and third models describe the hardening during the saturation of the Bauschinger effect (ε REL = 1, 2, 3, 6‰, on Fig. 13/a) . The experimental results show that, the cyclic hardening of the steel in the transitional zone hardly larger than the yielding stress. Therefore the initial hardening parameters of the second and third formulas are less than in the cyclic set. The transition to cyclic state is described by a polynomial function, given in Eq. (19) . At the end of the transitional range, the behaviour by the transitional parameters is the same as the behaviour with the cyclic parameter set, the parameters of transitional set is calculated by the cyclic parameter values.
where i = 2 or 3 and α = 1.5.
The stress level at a given strain rate depends on the loading history and this results in different stress values for the same strain level (see Fig. 10 ). The decrease of the hardening of second and third formulas in the transitional set, however, affects the hardening behaviour of model at larger strain level. Using smaller hardening, according to Eq. (19) , produces too small hardening at larger strain level. Therefore the C parameter of the fifth formula is modified in order to offset the second and third formulas effect at large strain rate as detailed in Eq. (20) .
where α L =5 and α =1.5.
As a result of this procedure PRESCOM model can follow the steel behaviour at small range of plastic strain, can consider the effect of the preloading, too. Fig. 13/b shows the pure virgin and cyclic behaviour.
Model parameter calibration
Model parameters are determined by the "Trial and error method" using the experimental results of Youngjiu et. al. [5] as the basis of calibration. In this paper the results of the model calibration of Q345B specimens are presented. The numerical model is a simply supported, cuboid solid element (Fig. 14) , that can describe the material behaviour without the influence of element geometry. The calibrated parameters are shown in Table 7 ; the static parameter set is equal to the static set of MISO model, as detailed in Table 6 .
Parameters of the transitional Chaboche models are calculated from the cyclic parameter set by three constants: α, α L , β; for the calibration the experimental results of [5, 7] are used. The β parameter influences the curvature of the stress-strain curve at small plastic strain levels. β = 2.5 approximates the experimental result appropriately, as shown in Fig. 15 . The futher parameters of the hardening according to Eqs. (19) and (20) are determined as α = 1.5 and α L = 5.0. 
Monotonic, saturated, ratcheting and cyclic behaviour
The above detailed procedure results in a model that can describe the saturation of Bauschinger effect and the decrease of yield surface. Fig. 13 shows the model behaviour under monotonic loading, with and without previous loading. The dynamic updating of parameters allows to describe the transition between the two stages. The initial hardening parameter of the first Chaboche model decreases in the function of previous loading causing lower virtual yield surface; and the C value of the second and third models increases, causing additional hardening.
The decrease of stress observed by the MISO model at small amplitude of cyclic loading (see Fig. 8 ) does not occur by this model, and saturation under low strain cyclic loading is described properly (Fig. 16) . (In this case the small amplitude of loading means the loading which cause smaller plastic strains than the necessary plasticity for saturation Bauschinger effect.) Fig. 17 shows the effect of the preloading on small amplitude of plastic strain. If the preloading is relative small, the steel behaviour hardly differs from monotonic case (∆ε =0.3%). By the increasing amplitude of preloading, however, the behaviour gradually becomes cyclic.
The decrease of yielding surface is shown in Fig. 18 . The elastic part of the stress-strain curve becomes smaller, as the amplitude of plastic strain raises. Fig. 18 shows the inaccuracy of PRESCOM model. During monotonic loading if the material is given plastic loading and the loading direction turns into opposite direction but it remains in the elastic range ( Fig. 18/a) , the behaviour of the material stays monotonic (there are not plasticity in the opposite direction). However the parameter refreshing is calculated if the unloading occurs (if the inner point of yield surface is reached). Therefore the behaviour of material can be switched to cyclic even if the next load direction remains elastic and the behaviour of material also remains monotonic or transitional.
If the state variable of the material is maximum value of strain range (ε RPL = q) the result of the material model is shown on Fig. 19 . If the amplitude of q stays small and the reloading remains elastic range the steel is described better, nevertheless this inaccuracy can occur whit this state variable as the unloading occurs at higher strain level (the relevant plastic strain raises). [24, 25] .
The used state variable influences the ratcheting phenomenon calculated by the PRESCOM model. In Fig. 21 /a ε REL is calculated by Eq. (15) ; in this case the increase of maximal plastic strain cause the change of hardening conditions in PRESCOM model, therefore the curves becomes wider and more energy dissipation, as it can be observed in the test results of [25] . In Fig. 21/b the state variable is q; although the plastic strain increases, the difference of accumulated plastic strain between two load direction hardly differs, therefore the hardening behaviour of PRESCOM model remains the same, and does not occur the decrease of the yielding surface. This produces very narrow hysteretic loops, and less energy dissipation.
According to the model behaviour under elastic unloadingreloading and non-proportional ratcheting, the following conclusions can be done:
1 Using maximum value of strain range (q) as state variable produces more accurate behaviour, if the elastic unloading and reloading occurs, although if the elastic unloading appears on high strain level at first, the accuracy decrease, because the cyclic parameter set is activated. The results of the application of PRESCOM material model under different cyclic loading are shown in Fig. 22 together with the experimental data. The obtained results are properly accurate, especially at the tension side of the hardening. In case of compression the calculated curves show higher values than the experimental tests.
Conclusion
The paper focuses on the modeling of the cyclic behaviour of conventional steel material. The main propose of the research is to develop an efficient material model which is sufficiently accurate and can be implemened in a finite element program, such as ANSYS, for high precision numerical calculations. The paper presents some Chaboche base material model, and a comparative analysis of steel material models of different efficiency and accuracy under cyclic loading in ANSYS environment. Three basis cyclic material models (bilinear, multi-linear, Chaboche) and three developed Chaboche-based material models are presented (NLISO, MISO, PRESCOM). Although the models are developed in the ANSYS finite element environment, the procedure can be adopted in other software, where the Chaboche model is available and they can be combinational. During the research the following results are occurred:
• Three Chaboche-based material models are developed, the most accurate material model is the Parameter refreshed and strain controlled combined Chaboche model with isotropic hardening (PRESCOM model).
• The implemented parameter refreshing calculation method makes the model possible to follow accurately the steel behaviour for the whole range of cyclic loading, particularly at the transitional phase. • The developed material model can describe both monotonic and cyclic behaviour, the disappearance of the yielding plateau, the saturation of the Bauschinger effect, the ratcheting effect and the load history dependence.
• The material model is calibrated on the basis of uniaxial experimental results. The accuracy of the numerical model is verified by several load paths. The developed material model is proved to be accurate and it can be applied in nonlinear time history, and cyclic geometrical and material nonlinear imperfect analyses.
